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SUMMARY

PROBLEM REQUIRING SOLUTION

Unmanned vehicles operating at depths in excess of 10,000 feet require for the optimization of
their performance parameters (i.e., speed, range, payload, maneuverability) pressure hulls with a low
weight-to-displacement ratio, preferably less than 0.5. Such low weight-to-displacement ratios cannot
be achieved with metallic pressure hulls because of their low specific strengths (i.e., compressive
strength/specific gravity). Other materials must be selected for this purpose (figure 1).*

SOLUTION

Aluminum oxide ceramics possess specific strength in the 82 X 102 - 139 x 102 psi range, which
is adequate for achieving a =0.5 weight-to-displacement ratio in pressure hulls fabricated from that
material. The intrinsic cost of the material is low (less than $0.2/pound). The material is nonmag-
netic, impervious to water, inert in seawater, a good conductor of heat, and possesses a high modulus
of elasticity. Its major drawback is brittleness, which results in low point impact resistance. There ap-
pears to be also a limitation in the maximum size that can be fabricated by the present manufacturing
process.

The fabrication process limitation for cylinders appears to be around 100 inches in diameter, but
up to the initiation of this program the largest pressure housings fabricated were only 12 inches in di-
ameter. The basic question that needed answering, however, was whether the physical properties of
alumina ceramic decreased with an increase in wall thickness of pressure housing, as it is the case
with metallic housings.

APPROACH

An experimental approach was chosen as a solution to the problem. A series of 20-inch-diameter,
94-percent compaosition alumina ceramic cylinders and hemispheres, patterned after the previously
tested 6- and 12-inch housings, were to be fabricated, instrumented with strain gages, and pressure-
tested. If the structural performance of the 20-inch housings was found to be identical to that of 6-
and 12-inch housings, it could be postulated that the structural properties of 94-percent alumina ce-
ramic are independent of the structures’ dimensions (figure 2).

A total of three 20-inch OD X 18.64-inch ID X 30-inch L cylinders and two 19.66-inch OD X
18.98-inch ID hemispheres were fabricated by Coors Ceramic. The associated metallic components in
the form of joint rings, stiffeners, and penetration inserts were machined from Ti-6 A /-4 V alloy. In
addition, a series of handling and test fixtures were fabricated in aluminum for the handling of the
individual ceramic components and of the assembled housings during pressure testing. Polyurethane
jackets protected the ceramic components against point impacts during assembly and handling of the
housings.

The testing of the housing took place in the 30-inch-diameter pressure vessel of the Southwest
Research Institute. Testing was first performed on individual cylinders capped by hemispheres and,
subsequently, on assemblies made up of two cylinders joined by a ring stiffener and closed off at the
ends with hemispheres. Testing consisted of pressurizing each cylinder test assembly once to the test

* Figures and tables are placed at the end of the text.



pressure of 10,000 psi, followed by 10 pressurizations to design pressure of 9,000 psi. The two-
cylinder test assembly was subjected once to test pressure, followed by 100 pressurizations to design
pressure. Strains were recorded during the testing.

CONCLUSION

The 94-percent alumina, 20-inch-diameter ceramic pressure housings performed structurally under
external pressure in the same manner as the 4-, 6-, and 12-inch pressure housings tested at NOSC in
prior year (Stachiw, 1964, 1968, 1984; Stachiw and Snyder, 1965). This indicates that small alumina
ceramic housings can be scaled up to large dimensions without a noticeable decrease in physical prop-
erties. Based on this finding, one can expect that even very large alumina ceramic pressure housing
will provide the unmanned vehicles with a 0.5 weight-to-displacement ratio.

The joint on 20-inch-diameter ceramic cylinders, using epoxy adhesive as a bearing gasket, per-
forms reliably for a minimum of 50 pressure cycles to a 9,000-psi design depth before some debond-
ing and spalling of ceramic bearing surfaces takes place. A redesigned joint with larger radial bearing
surface can withstand a minimum of 250 pressure cycles to design depth.

It appears then that the only limit to the use of ceramic pressure hulls is the imagination of the
designer and capability of the ceramic industry to produce large ceramic components. In 1989, it ap-
peared that the ceramic fabricators were able to produce 94-percent alumina ceramic pressure hull
sections routinely to 20 inches in diameter and 20 inches in length and, on a experimental basis, to
50 inches in diameter and 20 inches in length. This size could be further extended by funding re-
search and development programs at major U.S. ceramic fabricators.

RECOMMENDATION

Alumina ceramic of 94-percent composition should be seriously considered for construction of
cylindrical and spherical pressure housings in the 4- to 50-inch-diameter range with a 0.5 weight-to-
displacement ratio for deep submergence service. At the present time, a safety factor of 2 based on
compressive strength of material and elastic instability of the structural shape is considered adequate
for alumina pressure housings with a 20,000-feet design depth. The safety factor can be decreased to
1.5 for pressure housings in noncritical application (i.e., implosion of housing will not result in loss of
life). Because of the lower safety factor, the weight-to-displacement ratio of such housings will
decrease to 0.375.

Further work should to be done to increase the structural fatigue life of mechanical joints between
ceramic components of the housings to a minimum of 1000 dives to design depth. It appears that this
can be accomplished economically by optimizing the existing design in which epoxy resin serves as the
bearing gasket material between the ceramic components and metal joint rings.
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INTRODUCTION

All remotely operated vehicles (ROVs) for undersea operation require pressure-resistant housings
that protect the electrical equipment aboard the vehicle from contact with seawater. These housings
not only must be watertight, but also pressure resistant. These objectives are easy to achieve as long as
the housing is not required also to provide positive buoyancy for the vehicle (i.e., keep the vehicle
afloat) at depths in excess of 10,000 feet. To achieve this requires pressure housings with a weight-to-
displacement ratio of at least 0.5, otherwise, the vehicle will be severely limited in its performance
(i.e., its speed and operational range will be restricted).

If pressure housings are used whose weight-to-displacement ratios are above 0.5, additional buoy-
ancy is provided by means of syntactic foam (glass microballoons imbedded in a plastic matrix)
applied to the exterior of the pressure housing. The lightest available syntactic foam with a 20,000-
foot depth service rating provides only 1 pound of buoyancy for each pound of foam. For this reason,
the overall weight of the vehicle increases twice as fast as that of the pressure housing (i.e., for each
additional pound of housing weight, the vehicle weight increases by 2 pounds). The added foam in-
creases also the volume of the vehicle by about 54 cubic inches for each pound of buoyancy, which in
turn increase its hydrodynamic drag. Thus, it appears to be very desirable from the operational view
to minimize weight-to-displacement ratio of the pressure housings so that syntactic foam need not be
added to the vehicle structure.

There are only three classes of structural materials from which pressure housings with 0.5 weight-
to-displacement ratio are feasible for operation in the 0- to 20,000-foot depth range. These three
classes of materials are fiber-reinforced plastic composites, ceramics, and glass (table 1, figure 1).*
Experimental pressure housings have been built from these materials with different levels of success.
This report addresses only ceramic pressure housings fabricated from alumina ceramic.

BACKGROUND DISCUSSION

Numerous experimental ceramic pressure housings have been fabricated from 99.5-percent alu-
mina, 94-percent alumina, 99.5-beryllia, and 9606 Pyroceram. The housings were either of spherical
or cylindrical shape, and their diameters varied from 2 to 16 inches. The successful ones were gener-
ally seamless spheres or single rib stiffened cylinders closed up with flat metallic bulkheads. The early
ambitious attempt to assemble a long cylindrical pressure housing from several short cylinders joined
by metallic joints failed due to excessive dimensional tolerances on flatness and angularity of bearing
surfaces at the joints (Stachiw, 1964, 1968; Stachiw and Snyder, 1965).

Spurred by its interest in deep diving ROVs, the Naval Ocean Systems Center (NOSC) since 1980
has pursued a low-level exploratory development program of cylindrical pressure housings with a
20,000-foot depth capability. The objective of the program was to develop experimentally proven de-
signs of ceramic housings that could serve as pressure housings for electrical equipment aboard ROVs.
The program was to focus on techniques for construction of long, large-diameter ceramic housings
from short monocoque cylinders, or rings, as this would minimize the fabrication cost and maximize
the useful internal space for the payload. The NOSC ceramic housing program was conducted in three
phases (figure 2).

* Figures and tables are placed at the end of the text.



NOSC CERAMIC HOUSING PROGRAM

FIRST PHASE

The first phase of the program used beryllia as construction material because of its excellent
strength-to-weight ratio and heat transfer capability (Stachiw, 1984). However, beryllia was soon
replaced by 99.5-percent and, subsequently, by 94-percent alumina, as the contemplated construction
of large housings from beryllia appeared to be economically unacceptable. The designs of the cylinders
and joining techniques were validated by fabricating and, subsequently, hydrostatic testing of 6-inch-
diameter housings with L/Dg ratios in the 1.5 to 6.0 range. End closures in each case served titanium
hemispheres (Stachiw and Held, 1987).

The findings of the preliminary studies using 6-inch-diameter scale models are (Stachiw, 1984,
1988) as follows:

1. Long monocoque cylinders of 94-percent alumina can be economically fabricated by assem-
bling them from rings joined together by brazing. The structural performance of brazed
monocoque cylinders is identical to that of monolithic cylinders.

2. Monocoque cylinders of 94-percent alumina ceramic with t/Dy = 0.034 slenderness ratio and
t/Dy = 1.5 unsupported length ratio possess a short-term critical pressure of 17,000 psi and a
cyclic fatigue life in excess of 1,000 pressure cycles at 9,000 psi. Maximum compressive
stresses in ceramic and titanium were 137,000 and 100,000 at 10,000 psi proof-test pressure.

3. I-shaped ring stiffeners machined from 6 A /-4 V titanium alloy or 7075-T6 aluminum alloy

provide adequate radial support to the ends of monocoque ceramic cylinders to prevent buck-
ling at design pressure.

4. Titanium hemispherical end closures provide adequate radial support to the ends of ceramic
cylinders. The radial contraction of the titanium hemisphere matches rather well the contrac-
tion of the ceramic cylinder when the ratio between hoop stresses in ceramic cylinders and in
the flanges on titanium hemispheres or I-ring joint stiffeners is approximately 2.67.

5. Unprotected ceramic bearing surfaces between adjoining cylinders, or hemispheres, will fret
during pressurization of the housing assembly, causing the assembly to fail in less than 50
pressure cycles to design pressure of 9,000 psi.

6. The fretting of radial and plane bearing surfaces on the ceramic cylinder has been reduced by
encasing the ends of cylinder in 6 Af-4 V titanium, or 7075-T6 aluminum, alloy U-shaped
caps filled with epoxy. The cyclic fatigue life of protected bearing surfaces on cylinders
exceeds 1000 cycles at 9000-psi pressure, generating a bearing stress of 60,000-psi magnitude
on the plane bearing surface.

7. The cyclic fatigue life of 6 Af-4 V titanium alloy U-shaped caps, I-joint rings stiffeners, and
hemispherical bulkheads exceeds 1,000 cycles at 9,000 psi pressure. The short-term critical
pressure of titanium hemispheres is in the 11,250- to 12,000-psi range.

8. The lowest weight-to-displacement ratio achieved with a single 6-inch-diameter, 94-percent
alumina cylinder equipped with titanium end closures and joint hardware was 0.55. This ratio
decreased to 0.65 when three cylindrical sections were joined together with titanium joint
stiffeners and closed off at the ends with titanium hemispheres.



Based on the findings of these preliminary studies with model scale 6-inch-diameter cylindrical
housings, it appeared worthwhile to apply the validated designs to larger ceramic housings. If it could
be shown that larger housings perform in the same structural manner as the model scale housing, the
designers of ceramic housings would be less hesitant to scale up proven designs of model scale hous-
ings to functionally useful sizes.

SECOND PHASE

The second phase of the ceramic housing program at NOSC focused on ceramic housings with
external diameters of 12 inches.

The objectives of this study were to show that model scale ceramic pressure housings can be
scaled up directly without incurring any significant penalty in structural performance and that titanium
hemispheres can be replaced with ceramic hemispheres incorporating penetrations.

The scope of the study was limited to a single diameter and design. The external diameter of
housing chosen for this study was 12 inches, approximately twice the size of the model scale housing.
A scale factor of 2 was considered to be sufficiently large to show the presence, or absence, of degra-
dation in structural performance between the model scale and full scale ceramic housings.

The test specimens served four 94-percent alumina ceramic cylinders with 12-inch OD, 18-inch L,
and 0.416-inch wall thickness, two titanium hemispherical end closures, two titanium joint rings, eight
titanium end caps, four aluminum clamps, and four ceramic hemispherical end closures. The design of
the ceramic end closures was not based on any model scale components, but on general structural
considerations.

The findings of the studies using a 12-inch-diameter test model are (Stachiw, 1988, 1990):

1. The short-term implosion pressure of 12-inch cylinders is in the same range as 6-inch cylin-
ders with identical L/Dy and t/Dy ratios.

2. The short-term implosion pressure of ceramic hemispheres exceeds that of titanium hemi-
spheres of equal weight.

3. Penetrations have been successfully incorporated into hemispheres, providing that a removable
metallic insert with plastic bearing pad is introduced into the penetration to prevent direct
contact between metallic bulkhead, connectors, and the ceramic surfaces of the hemisphere.
Plastic bulkhead connectors can be mated directly with the ceramic hemisphere, eliminating
the need for metallic inserts.

4. The number of penetrations that can be incorporated into the ceramic hemisphere is a func-
tion of penetration diameter and safe spacing between edges of penetrations. The hemispheres
tested in this program had one, four, and five penetrations, whose diameters ranged from 2.0
to 2.25 inches.

5. The depth of the annular cavity in the metallic end caps for ceramic cylinders and hemi-
spheres and the thickness of bond line between ceramic surfaces and metallic end caps are
important factors in the cyclic fatigue life of bonded joints.

6. Split wedge bands provide a satisfactory approach to the joining of cylinders and hemispheres.

7. Cyclic fatigue fractures originate on the plane ceramic bearing surfaces of cylinders and hemi-
spheres inside the metallic caps.

8. The cyclic fatigue life of 12-inch ceramic cylinders fitted with Mod 0 metallic end caps is an
order of magnitude less than that of 6-inch cylinders (i.e., 50 versus 1,000 cycles). However,



there are insufficient data to determine whether the lower cyclic fatigue life is a function of
end cap design or of scaled up wall thickness.

9. The ceramic shells of cylinders and spheres contained a small number of randomly distributed
voids. The number of voids and their magnitude varied from one specimen to another. The
largest void observed in one of the cylinders was a 0.095-inch diameter. These voids were not
sufficiently large to initiate fractures during proof testing, or pressure cycling of the ceramic
housings during which membrane stresses of 130,000- to 140,000-psi magnitude were gener-
ated. The data generated during testing of 12-inch ceramic cylinders and hemispheres were
encouraging enough to warrant the initiation of the third phase of the ceramic housing pro-
gram, which would focus on some of the issues not resolved or raised by the second phase of
the program.

The issues that required further resolution were as follows:
1. Problems associated with fabrication of cylinders and hemispheres in operationally useful sizes.
2. Mounting of payload components.

3. Operational handling of cylindrical housings assembled from several cylindrical sections that
cannot be lifted by hand due to their weight.

4. Protection of ceramic components against point impacts.

5. It is not known whether it was the increase in cross section, thicker bond line, or a too shal-
low end cap that caused cyclic fatigue cracks to initiate after approximately 50 pressure cycles.

It was thought that those issues could be resolved by fabrication and testing of ceramic housing
components approximately twice as large in size as the 12-inch housings evaluated in phase 2 of the
program. After investigating the size limitation of the existing isostatic pressing equipment at Coors
Ceramic Corporation, 20 inches was selected as the diameter of the ceramic housings for evaluation in
phase 3 of the ceramic housing program at NOSC. The diameter of the isostatic press would have
allowed pressing cylinders of up to 24 inches in diameter, but the length of the press was insufficient
to form cylinders longer than 30 inches. Since the 6- and 12-inch-diameter cylinders tested in phases
1 and 2 of the housing program were of 1.5 Dy in length, the cylinders in phase 3 had to be 20
inches in diameter so the L/Dy = 1.5 aspect ratio could be retained. Although the 20-inch diameter
was less than the desired 24-inch size, it was close enough to the scale factor of 2 to be useful and it
was chosen for phase 3 of the ceramic housing program.

STUDY OUTLINE

Phase 2 of the ceramic housing program focused on the design, fabrication, and evaluation of
20-inch-diameter ceramic housings, All facets of the study were oriented towards making the ceramic
pressure housings acceptable as the primary pressure hull of an inexpensive deep submergence diving
system. This was particularly reflected in the design, fabrication, and assembly/handling procedures of
the housing components prior to testing.

DESIGN

Ceramic Cylinders

The 20-inch-diameter ceramic cylinders were designed by scaling up the appropriate dimensions of
the 12-inch-diameter cylinders. The were fabricated and tested in the second phase of the NOSC



ceramic housing program (Stachiw, 1990). There were several reasons for choosing this design
approach. The most important one was to study further the effect of scaling up on the structural per-
formance of ceramic components. Other reasons for selecting this monocoque design of the cylinder
were the uniformity of the stress field, low fabrication cost, and conservative magnitude of design
stresses at proof-test pressure.

The principal design stresses in the 20 OD X 18.63 in 1D X 30-inch-long ceramic cylinder
(figures 3 and 4) were not to exceed 130,000 psi in the hoop and 65,000 psi in the axial orientation
at 10,000 psi proof-test pressure. These are rather low values, and even the higher hoop stress repre-
sents a nominal safety factor of approximately 2.7. At first glance, this safety factor may appear to be
too conservative for an unmanned vehicle application, as small, high-quality alumina ceramic pressure
housings have been shown to tolerate compressive stresses of 300,000 psi under short-term pressuriza-
tion.

Experience has shown, however, that to duplicate the same quality in large castings would require
a quality assurance (QA) program patterned after aerospace industry. Such QA program would require
absence of inclusions over 0.020 inch in diameter at the expense of doubling or tripling the fabrica-
tion cost. In effect, a stringent QA program would move the casting of ceramic housings from produc-
tion practice for components used in the chemical industry (for example, crucibles, pipes, grinding
balls, etc.) to production practices for components used in the aerospace industry (for example, mis-
sile noses, ablative shields, rocket nozzles, etc.). Since at the present time the ROV and autonomous
underwater vehicle (AUV) programs that could benefit from the use of ceramic housings are not
funded at the aerospace level, it was decided to keep the design stresses low and the QA programs to
the minimum.

Because of the low design stresses, the ceramic components can tolerate much larger inclusions
(for example, voids) than would be the case if the design stresses were above 150,000 psi. This sup-
position has been substantiated during pressure testing of 12-inch ceramic components in the second
phase of the ceramic housing program at NOSC. There it was shown that, at design stress levels in the
130,000- to 150,000-psi stress range, the ceramic cylinders with 0.42-inch-thick walls can tolerate in-
clusions of 0.095-inch magnitude under sustained pressurizations without cracking at those locations
(Stachiw, 1990). This is explained by the fact that with a safety factor of 2.7, based on the ultimate
compressive strength of ceramics, the structure can contain stress risers with a stress concentration
factor of 2 and still perform satisfactorily.

The elastic stability of the 20-inch cylinder was designed, like the 6- and 12-inch cylinders tested
previously, to exceed the design test pressure by a factor of 1.8 (i.e., to implode by buckling at
18,000 psi). To attain this safety margin, the monocoque cylinders had to be of finite length and
radially supported at the ends. For cylinders with t/Dy = 0.034 ratio, the critical pressure of 18,000
psi required the radial supports to be spaced 1.5 Dy apart (Stachiw, 1968). Thus, the length of
20-inch OD cylinders was chosen to be 30 inches. This length could be extended to 40 inches if the
critical pressure due to buckling was reduced to just 12,500 psi, representing a safety factor or 1.38.

Ceramic Hemispheres

The 20-inch-diameter ceramic hemispheres were also designed by scaling up the 12-inch hemi-
spheres used in phase 2 of the ceramic housing program (Stachiw, 1990). The two hemispheres fabri-
cated for the 20-inch housings differed only in the number of penetrations (figures 5 through 12).
Mod III hemisphere contained only one polar penetration with a 3.25-inch diameter, while Mod II
contained four of them, equally spaced at 45 degrees latitude. The polar penetration was surrounded
by a spot-faced plane surface while the four penetrations on Mod II sphere were without plane spot



faces. The Mod 0 and Mod 1 hemispheres are also scaled-up versions of the 12-inch hemispheres
tested in phase 2 of the program (Stachiw, 1990).

The design stresses at 10,000-psi proof pressure in the hemispheres were in the same range as the
design stresses in the 20-inch ceramic cylinders. To achieve this without adding substantially to the
weight of the hemispheres, their thickness varied from 0.340 inch at the equator to 0.680 inch at the
edges of penetrations. In this manner, the 100-percent increase in hoop stress associated with a pene-
tration would be compensated for by a 100-percent increase in wall thickness at the penetration.

The elastic stability of the 20-inch diameter hemispheres exceeded the proof-test pressure of
10,000 psi by a factor of 5. Because of this outstanding elastic stability, it can serve as a radial sup-
port for the monocoque ceramic cylinder without any additional hoop stiffener at the joint.

End Caps

Both the ceramic cylinders and hemispheres were equipped with metallic end caps, whose purpose
was to protect the plane and curved bearing surfaces from contacting directly the mating surfaces of
adjoining ceramic, or metallic, components of the housings (figures 5 through 18).

For proper functioning, the metallic end cap was designed to be filled with epoxy resin and the
end of the ceramic cylinder, or hemisphere, immersed in it until it came to rest upon the bottom of
the cap. To prevent total displacement or resin from between the mating plane surfaces, 0.5 X 3.0 X
0.010-inch-thick cardboard spacers were placed at 3.5-inch intervals inside the cap prior to filling the
cap with resin. The resin displaced by the ceramic poured over the edges of the cap and was, subse-
quently, wiped off.

To function properly, the cap has to fit snugly over the edge of the ceramic component so the
thickness of the epoxy layer between the curved walls of the cap and the curved surfaces of the ce-
ramic components is minimized. A thick layer would tend to displace under axial bearing stress of
approximately 70,000-psi magnitude when the housing is pressurized to 10,000-psi proof pressure. Ex-
perience with end caps for 6-inch-diameter cylinders has shown (Stachiw and Held, 1987) that a
0.005-inch-thick epoxy layer in the annular spaces did not extrude even after several proof tests to
10,000 psi, and over 3,000 pressure cycles to 9,000-psi design pressure.

This kind of tight clearance was impossible to achieve with standard machine shop practices for
components with 20-inch diameters and still insure interchangeability between components for all the
cylinders. To retain interchangeability, without resorting to expensive model making fabrication proce-
dures, the dimensional tolerances on end caps and ceramic components were relaxed to allow for the
clearance to range from 0.01 to 0.03 inch. If after assembly the actual clearance was found to be
20.015 inch, a 0.010-inch-thick steel shim was inserted into the annular space between the surfaces
of the ceramic component and the metallic end cap. A similar approach was used previously in the
fitting of end caps on 12-inch ceramic cylinders.

The depth of the annular cavity in the end cap for 20-inch cylinders was only approximately 40
percent deeper than on caps for 6-inch cylinders and only 25 percent deeper than on caps for
12-inch cylinder built previously. Linear scaling was not applied to the depth of the caps as this was
not thought to be necessary and, furthermore, linear scaling of this dimension would increase signifi-
cantly the weight of the end caps.

The end caps for the ceramic hemispheres were patterned after the end caps for cylinders, except
the depth of the annular cavity was somewhat greater to compensate for the greater annular clearance
between the spherical ceramic surfaces and the cylindrical metallic surfaces (figures 17 and 18).



Penetrator Inserts

The penetrations in the ceramic hemispheres were protected by titanium inserts (figures 19
through 22). The function of the inserts was to protect the ceramic surfaces of the hemisphere at the
penetration from point loading by a commercial metallic bulkhead penetrator with radial and axial
O-ring seals. This was achieved by having the bulkhead penetrator thread into and seal against the
metallic insert and not the ceramic surfaces of the hemisphere (figure 20). The insert in turn was de-
signed not to exert high bearing pressures against the ceramic surfaces.

The axial contact between the metallic insert and the exterior surface of the ceramic hemisphere
was eliminated by a cloth reinforced phenolic plastic pad that served as a bearing gasket and retainer
for the facial O-ring seal (figure 20). The radial contact between the penetrator insert and the
ceramic surface of the penetration was reduced to a minimum by providing a 0.002-inch clearance
between the metallic insert and the ceramic edge of the opening. Because of this clearance, the radial
bearing stress was totally eliminated at lower pressure and significantly reduced at design pressure
when the metal penetrator finally contacted the ceramic surface. The closing up on the radial clear-
ance at high pressures also kept the O-ring seal from extruding through the clearance between the
insert and the hemisphere.

The maximum size of penetration incorporated into the ceramic hemispheres was 3.250 inches,
which after placement of the penetration insert allowed mounting of commercial bulkhead penetrators
with 2.5-inch diameters (figures 23 through 26). There was one penetration in hemisphere Mod III
and four in hemisphere Mod II. Hemispheres Mod 0 and Mod 1 with five penetrations were designed
(figure 13), but not fabricated or tested, although 12-inch hemispheres with five penetrations were
fabricated and tested in phase I of the ceramic housing program (Stachiw, 1990). But even this does
not represent the maximum number of penetrations that could be incorporated into a 20-inch ceramic
hemisphere if the operational requirements called for it.

The number of penetrations that can be incorporated into a spherical shell is a function of the
penetration diameter, the location of penetrations, and their spacing. A definitive answer to this ques-
tion cannot be stated at this time; however, the following findings, experimentally validated, bearing
upon this question are listed below:

1. The diameter of penetrations =< 0.165D,.

2. The thickness of hemisphere at the edge of penetration 0.166pDx10™° < t < 0.33pDx107°.
3. The spacing between edges of adjacent penetrations 2 diameter of larger penetration.

4. The center of penetration shall not be placed closer to the equator than 45° latitude.

Metallic penetrator inserts can be eliminated by using plastic bulkhead penetrators that seal
directly against the ceramic surface of the hemisphere. Substitution of plastic bulkhead penetrators for
metallic bulkhead penetrators and the subsequent elimination of metallic penetration inserts can
reduce the weight of a 20-inch ceramic hemisphere assembly (equipment with five steel bulkhead
penetrators and the associated titanium penetrators inserts) by 20 pounds. Since large-diameter plastic
bulkhead penetrators are not available commercially, the use of plastic bulkhead penetrators would
require the incorporation of many small penetrations into the ceramic hemispheres instead of a few
ones, as in this test program. Although the drilling of more penetrations would increase the cost of the
hemisphere substantially (approximately $1000/hole), the elimination of the few large metallic penetra-
tion inserts (approximately $2000 per insert) would recoup the cost of drilling the additional
penetrations.



Joint Stiffeners

Joint stiffeners are structural components pioneered by NOSC for extending the overall length of a
cylindrical monocoque ceramic housing without reducing its critical buckling pressure. A joint stiffener
is best described as a removable ring stiffener inserted between two adjoining cylinders that simultane-
ously aligns and provides radial support to the ends of the cylinder (figures 27 through 30). To maxi-
mize the stability, while at the same time minimizing the weight, the joint stiffener has the cross
section of the capital letter I.

The stiffener can be fabricated from any material that is readily available, easy to machine, eco-
nomical, and exhibits good mechanical properties. In practice, this eliminates from consideration all
materials except titanium and aluminum. Titanium is always chosen for housings that will be continu-
ously submerged in seawater for long periods of time, while aluminum finds application in housings
submerged in seawater only for short periods of time, followed by rinsing with tap water (figure 30).

To function properly, the design of the joint stiffener must satisfy two opposing structural objec-
tives. On one hand, the design must maximize the elastic stability of the stiffener so it can provide
the radial support to the end of the monocoque ceramic cylinder needed to raise its elastic stability to
the specified critical pressure, which in this case was 18,000 psi. On the other hand, the design must
minimize the radial stiffness of the stiffener so its radial compliance under radially applied loading
approaches that of the ceramic monocoque cylinder. The closer one can match the radial compliance
of the joint stiffener to that of the cylinder, the smaller the bending moment will be in the shell of
the monocoque cylinder near the stiffener.

Both design objectives can be achieved in the design of a stiffener if the material selected for its
fabrication has a Young’s Modulus that is significantly smaller than of the cylinder. Both titanium and
aluminum meet this requirement with their Young’s Moduli of 16.4 X 107 psi and 10 X 108 psi
respectively.

The joint ring stiffeners for the 20-inch cylinders were scaled-up versions of the stiffeners designed
for the 6- and 12-inch cylinders and validated during the second phase of the NOSC ceramic housing
program (Stachiw, 1990). The only major difference was the absence of lightening holes in the web of
the stiffener. The function of these holes, besides reducing the weight of the stiffener by approxi-
mately 2 percent, is to serve as passageways for electrical cables and hydraulic lines joining electrical
and hydraulic equipment components placed at different locations in the ceramic housing. Since the
20-inch ceramic housings tested in this study did not contain any functional electrical or hydraulic
equipment, the joint stiffeners were not provided with any holes (figure 27), even though a stiffener
design with lightening holes was also generated (figure 29).

Another joint stiffener design generated for the 20-inch cylinders, but not used, was the dry joint
stiffener. It differed from the other (wet) joint stiffener design in that none of the stiffener surfaces
was ever exposed to external pressure, or to axial bearing stresses (figure 31). Because of these two
features, the joint stiffener can be machined from materials that are not resistant to seawater corro-
sion or whose compressive yield strength is =40,000 psi, as it does not have to withstand axial bearing
stresses of 75,000 psi magnitude. This joint stiffener design was not used in this study for two reasons:
it would require the re-design of end caps on cylinder, and it was not evaluated previously on 6- or
12-inch pressure housing, thus presenting a higher risk in application to 20-inch housings than the wet
joint stiffener previously evaluated successfully on the 6- and 12-inch diameter housings.

INTERNAL ATTACHMENTS

All external pressure housings must be equipped with internal attachments for the mounting of
payload components. In metallic housings, these attachments generally take the form of brackets



welded to the internal surface of the cylinder, or to the internal diameter of the ring stiffeners. In
plastic or fiber-reinforced plastic housings, the mounting brackets are generally bonded to the interior
surface of the cylinder.

The same approach could have been applied to ceramic housings by bonding the metallic brackets
to the internal surface of the monocoque ceramic cylinder with elastomeric adhesive that would com-
pensate for the larger difference in strains between the metallic bracket and the ceramic cylinder at
design depth. This approach was, however, discarded because of the propensity of elastomeric adhe-
sive to fail under relatively low tensile or shear stresses applied for long periods of time by dead
weight of the payload components, regardless of whether the housing was in storage or on a sub-
merged operational vehicle.

The approach chosen for mounting the payload components inside the ceramic cylinders was to
bolt eight metallic channels to the metallic end caps on both ends of the cylinder and to use them
subsequently as rails on which shelves with payload components could slide in or out as desired
(figures 32 and 33). One very attractive feature of this approach for mounting of payload components
inside the cylinder was that the metallic channels also served as pretensioned mechanical tie rods
holding both end caps together. This feature was particularly attractive, as it relieved the epoxy bonds
between the end caps and the ceramic cylinder from tensile stresses generated by lifting the cylinder
during assembly and handling of the housing. By judicious pretensioning of the channels the whole
ceramic cylinder could be precompressed, so that during lifting of the housing, the ceramic would not
be exposed to any tensile strains.

The channels in 20-inch cylinders were fabricated from 6061-T6 aluminum to minimize their
weight and cost. Their weight, however, could be further reduced if instead of aluminum they were
fabricated from a magnesium or beryllium alloy; however, their cost would increase significantly. One
further reduction in weight could be achieved by eliminating one set of rails and using only three in-
stead of four sets of rails. A 0.125-inch-thick strip of neoprene was placed between the rails and
cylinder to preclude any contact between the metallic rails and the ceramic cylinder during radial con-
traction of the cylinder under external pressure loading. The use of rails for mounting the cage with
payload components inside the cylinder is not new, it was used previously on cylindrical housings fab-
ricated from either plastic or metallic materials. Its most recent application was in the Advanced Un-
manned Deep-Ocean Search System (AAUS) vehicle hull where the rails were used for supporting a
cage-like frame work inside the 30.75-inch OD X 25.75-inch ID X 65.0-inch L carbon fiber rein-
forced plastic hull, to which all the payload components were fastened (Stachiw and Frame, 1988).
The operational advantages for such an arrangement are obvious: by mounting all the payload compo-
nents to a movable cage the mounting and replacement of these components was significantly simpli-
fied.

SHELVES FOR PAYLOAD COMPONENTS

The shelves for mounting payload components were fabricated from aluminum honeycomb panels
arranged in a cruciform configuration. Each of the shelves was supported at one edge by the rail and
on the other side by the other shelves (figures 36 and 37). To simulate payload components, 18.75 X
5 X 2 inch aluminum blocks weighing 18.5 pounds were bolted on each side of the shelves. The
shelves themselves were bolted to the rails to prevent sliding during handling of the housing (figures
38 and 39).

The cruciform shelves do not act as stiffeners for the ceramic shell, since the long slender rails to
which the shelves are mounted can deflect over 0.050 inch without applying any significant radial
loading to the ceramic shell by the compressed neoprene gasket underneath the rails.



WEDGE CLAMPS

The cylindrical and hemispherical shell assemblies (figures 34 and 23) were fastened together by
metallic wedge clamps (figures 40 and 41). These wedge clamps were scaled-up versions of the wedge
clamp evaluated previously on 12-inch diameter housings. The wedge clamps were fabricated from
6 A (-4 V titanium alloy to resist corrosion and to withstand stresses generated in them during lifting
of housing assemblies composed of three or more cylindrical shells. Significant weight savings could
have been achieved if the wedge clamps were molded from plastic composite instead of being ma-
chined from metal. This option was not exploited because of the high tooling cost associated with
molding the composite wedge clamps. Composite wedge clamps are cost-effective only if a large pro-
duction run is being considered.

JACKETS

Although the alumina ceramic from which the cylindrical and spherical shells are fabricated can
withstand a point impact of at least a 50-pound-inch magnitude, steps were taken to improve its im-
pact resistance by covering the exterior surfaces of ceramic shells with elastomeric jackets. Neoprene
and polyether urethane sheets with 65A hardness and 0.375-inch thickness were used for construction
of jackets. Both the hardness and thickness of these jackets were thought to be adequate for protec-
tion of the ceramic shells against impacts they may encounter in industrial environment during
handling associated with assembly, lifting, and pressure testing of the ceramic housing assembly.

The jackets for cylindrical shells were molded as seamless tubes from polyether urethane (figures
42 and 43). These tubes were later slipped over the ceramic cylinders and were held in place by the
metallic end caps bonded to the end of cylinders. The jackets for spherical shells were fabricated
from pre-cut neoprene segments bonded with rubber contact cement to the ceramic surfaces (figures
44 through 45).

INSTRUMENTATION

All ceramic cylinders and hemispheres were instrumented with electric resistance strain gages Type
Mé&M CEA-06-125WT-350. They were bonded to ceramic surfaces with methyl cyanoacrylate cement
at locations where peak stresses were expected. As instrumentation leads, served vinyl-insulated flat
cables Type Micro Measurements Division 426 DFV with four stranded copper conductors. After sol-
dering the conductors to copper tabs on each strain gage, were waterproofed with the polysulphide
compound (figure 46). The other end of the instrumentation cable was terminated with a multipin
plug for rapid plugging and unplugging with the bulkhead penetrator. A neoprene-jacketed, 40-
conductor cable, in turn, plugged at one end into the bulkhead penetrator on the ceramic hemisphere
and, at the other end, plugged into an identical bulkhead penetrator on the pressure vessel end
closure (figure 47). The bulkhead penetrator in the pressure vessel and closure was, in turn,
connected by a cable to a computer-controlled strain recording unit. The strain data were recorded
during the pressure testing on a magnetic disc from which it was later retreived in digital and graphic
format.

TEST SETUP

All the testing was performed on two 20-inch-diameter ceramic cylinders and two 20-inch-
diameter hemispheres equipped with appropriate end caps, penetration inserts, joint stiffener, and
wedge clamp bands. These components were assembled into the following test configuration:
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Test Assembly A
Cylinder 1 capped at both ends with ceramic hemispheres Mods II and III (figure 48).

Test Assembly B
Cylinder 2 capped at both ends with ceramic hemispheres Mods II and III.

Test Assembly C
Cylinders 1 and 2 joined with titanium joint stiffener and capped at the ends with ceramic

hemispheres Mod II and III (figure 49).

Test Assemblies A and B were put together by lifting manually each hemisphere and fitting them
into the ends of a cylinder resting in a cradle (figures 50 and 51). After assembly, two nylon slings
were placed around the cylinder and attached to a short strongback fabricated for this purpose (figure
52). The test assembly was then lifted by an overhead crane and transported into the immediate
vicinity of the pressure vessel, where it was placed horizontally on a cushioned pad on the concrete
floor (figures 53 and 54).

The next step was the placement of the upper cage fixture over the test assembly (figure 55).
Once the upper cage fixture was securely positioned over the test assembly, the pneumatic radial
actuators located inside the flanges in the fixture were inflated, gripping securely the housing assembly
along its whole length. Once the housing assembly was securely gripped by the pneumatic actuators, it
could be lifted from the ground and placed on the lower half cage fixture (figure 56). After bolting
the lower cage fixture to the upper cage fixture, the whole cage could be rotated to a vertical position
and the air supply to the pneumatic actuators could be disconnected (figure 57). The cage could be
lowered then into the pressure vessel, and the instrumentation cable could be connected to the bulk-
head penetrator in the pressure vessel end closure (figure 59).

Test Assembly C was assembled from two cylinders, two hemispheres, and a joint stiffener. The
assembly procedure consisted of taking two cylinders (figure 60), placing them on skids located on a
roller conveyor, inserting the appropriate ballast into each cylinder, closing off each cylinder with
hemisphere, and joining them with a joint stiffener (figures 61 and 62). The joining of cylinders was
facilitated by rollers underneath the skids, which allowed the cylinders to be moved readily toward
each other.

The completed assembly then was lifted with four nylon straps attached to a strongback (figure
63) and was placed in the lower half of the cage fixture. After the upper half of the cage fixture was
lowered over the housing assembly and bolted to the lower half of the cage fixture (figure 64), the
whole cage fixture was lifted by crane and moved to the pressure vessel test area (figure 65). At the
vessel, the cage fixture was rotated into a vertical position and lowered into the vesse! (figure 66).
Attachment of the instrumentation cable to the vessel end closure completed the preparation of the
housing assembly for pressure testing.

PRESSURE TESTING

Pressure testing consisted of individually pressurizing Test Assemblies A, B, and C repeatedly with
tap water at 600- to 1,000-psi/minute rate to the desired maximum pressures.

The pressurization schedule for each test assembly consisted of a single pressurization to design
test pressure of 10,000 psi followed by 10 pressurizations to design pressure of 9,000 psi. During the
pressurization to design test pressure, strain readings were recorded at 1,000-psi intervals. After the 10
pressure cycles to design pressure, the test assemblies were taken apart and inspected for damage.
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Test Assembly C was subsequently subjected to an additional 100 pressure cycles to design pressure.
Since Test Assembly C was made up of cylinders and hemispheres that previously constituted
Assemblies A and B, the total number of pressurizations to which each housing component was
subjected would differ:

Hemispheres 1 and 2
3 pressurizations to 10,000 psi
120 pressurizations to 9,000 psi

Cylinders 1 and 2
2 pressurizations to 10,000 psi
110 pressurizations to 9,000 psi

TEST OBSERVATIONS

ASSEMBLY OF HOUSINGS

The ceramic pressure housings were assembled without any particular difficulty as the radial clear-
ances between mating components were in the 0.002- to —-0.005-inch range. Two observations, how-
ever, were made that should to be implemented before larger ceramic housings are fabricated and
assembled for testing. These observations are as follows:

1. The mating of housing components during assembly requires a set of level, parallel rails
supporting movable dollies equipped with precise level adjustments.

2. The hemispherical bulkhead must be mounted either into a cylindrical fairing prior to place-
ment onto the dolly, or the dolly itself must be equipped with a special fixture that holds the
hemisphere with its axis of revolution in horizontal position.

Some minor difficulties were encountered during disassembly of the housings after pressure testing.
The difficulties consisted of sticking between mating titanium parts that had to be overcome by pulling
apart the dollies on which the mating housing components rested. Based on this observation, the
following action should be taken:

Fixtures should be incorporated into the dollies for attachments of hydraulic actuators that would
be used to move the dollies along on the rails during mating or separation of cylinders from hemi-
spheres and the central joint stiffener.

HANDLING OF HOUSINGS

The cage-like fixture (appendix A) used for handling assembled housings performed satisfactorily.
Some permanent deformation of the cage took place when the pneumatic pressure inside the air-
operated, inflatable actuators exceeded 40 psi. Based on this observation, the pneumatic pressure
applied to the inflatable actuators should not exceed 20 psi, unless the cage fixture described in
appendix A is substantially reinforced.

The mechanically fastened cage closure has been found to be absolutely necessary for holding the
housing assembly in place during the removal of the cage from the pressure vessel after pressure
testing. During pressure testing, the pneumatically operated inflatable actuators became deflated, and
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without the mechanically fastened cage closure, the ceramic housing assembly would have fallen out of
the cage into the pressure vessel interior.

TESTING OF HOUSINGS

The two housing assemblies, made up of a single cylinder and two hemispheres, successfully with-
stood a single proof-test to 10,000 psi and 10 pressure cycles to design pressure of 9,000 psi. After
this series of tests, the housing assemblies were disassembled and visually inspected for cracks. The
inspection did not reveal any cracks in the two cylinders or hemispherical end closures.

Upon completion of this preliminary series of tests, the two cylinders and hemispheres were mated
together to form a long housing. This housing successfully withstood a single proof-test to 10,000 psi
and 10 pressure cycles to design pressure of 9,000 psi. After this series of tests, the housing was
disassembled and visually inspected for cracks. The inspection did not reveal any cracks in the two
cylinders and hemispheres.

Upon completion of this inspection, the two cylinders and hemispherical closures were reassem-
bled into a long housing and pressure-cycled to design pressure of 9,000 psi. The pressure cycling was
terminated by implosion during the 100th pressure cycle.

Inspection of ceramic fragments and deformed metallic components revealed there were many
origins of fractures, one of them triggering the implosion (figures 67 through 72). All of the fractures
originated on the plane bearing surfaces of the ceramic cylinders, inside the metallic end caps. These
fractures propagated into the body of the cylinder at a right angle to the plane bearing surface. These
fractures penetrated through the exterior surface of the cylinder approximately 2 to 3 inches away
from the end. Upon breaking through the cylindrical surface, the resulting sliver of ceramic would
separate from the cylinder. When the thickness of the cylinder decreased to the point where the
stresses in the cylinder exceeded the compressive strength of the ceramic catastrophic, failure took

place.

Inspection of the ceramic fragments still retained by the metallic end caps disclosed that significant
extrusion of the epoxy adhesive had taken place from inside the annular space between the exterior
surface of the ceramic cylinder and the metallic end cap. It is not known at what point during pres-
sure cycling the extrusion originated; it is only certain that the appearance of extrusion either pre-
ceded, or coincided, with the appearance of spalling. This statement is supported by observations
made during pressure testing of 12-inch pressure housings in phase 2 of the ceramic housing program
(Stachiw, 1990). In those tests, the epoxy adhesive began to extrude several pressure cycles prior to
the appearance of spalling (figure 73), which in turn was preceded by at least a 50- to 100-cycle cata-
strophic failure.

STRAINS

The strains generated in ceramic components by pressure testing were linear from 0 to 10,000 psi
pressure loading (tables 3, 4, and 5, figures 74 through 81) and were identical in character and mag-
nitude to those previously observed during pressure testing of the 12-inch-diameter ceramic housings
(Stachiw, 1990). In cylinders, all strains were compressive, and the magnitude of hoop and axial
strains varied with the distance from the ends. Maximum hoop and axial strains were recorded at
midbay; their magnitude at midbay was approximately 3 percent higher than at the ends for hoop
strains and 19 percent higher for axial strains. The rather large difference in the magnitude of axial
strains indicated that significant bending of the shell took place at the ends of the cylinders due to the
difference in radial compliance between the cylinder providing radial support to the ends of the cylin-
der and the hemispheres.
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In ceramic hemispheres on Mod II and Mod III, all strains were compressive. The hoop strains at
the joint were about 12 percent lower than the hoop strains on the ends of cylinders, confirming the
previous observation that the radial compliance of the hemispheres was somewhat less than of the
cylinders. The highest strains on the Mod II hemisphere were observed at the apex, and the lowest
strains at the center of the reinforcing pad. On hemisphere Mod III, the highest strain was in hoop
direction at the base of the pad around the penetration, and the lowest strain was in the axial direc-
tion at the same location, indicating that significant bending of the shell was occurring at that location.

The strains on the titanium stiffener (table 6, figures 82 through 84) were also linear from 0- to
10,000-psi external pressure loading, indicating that the stiffener was elastically stable at that pressure
and the material was within the elastic range of deformation.

STRESSES

The magnitude and character of stresses were identical to those observed on 12-inch-diameter
ceramic housings during pressure testing in phase 2 of the this program (Stachiw, 1990). The stresses
were all negative (tables 7, 8, and 9; figures 85 through 92) and of magnitude predicted by the finite
element analysis performed previously for the 12-inch housings. The range of stresses found in the
cylinder at 10,000-psi external pressure loading was —-125,370 to -137,143 psi in the hoop and
-55,181 to -68,323 psi in the axial direction. In the hemispheres, the range of stresses was
—-84,633 psi to ~157,473 psi for Mod II and -94,670 to -140,708 psi for Mod III.

The magnitude of stresses in the titanium stiffener (table 10, figures 93 through 95) did not ex-
ceed 30 percent of the materials’ yield strength. The highest recorded compressive stress of —40,000
psi at proof-test pressure was in the web of the stiffener. Actually, the highest compressive stress was
applied to the lip of the stiffener by adjoining end caps on cylinders. Its magnitude has been calcu-
lated to be in the range of -60,000 to —70,000 psi.

DISCUSSION OF TEST OBSERVATIONS

STRESSES

The wide range of stresses in the ceramic hemispheres indicates that the design is not optimized
and that significant weight savings can be achieved by redesigning the buildup of material around
penetrations so that all stresses are in the -145,000- to -155,000-psi range when the housing is pres-
surized to 10,000 psi. The thickness of the cylinders can be reduced by approximately 15 percent to
raise the magnitude of stresses to the same range of values. By doing this, the actual safety factor for
material failure would be brought in line with the design safety factor of 2.

The reduction in thickness would reduce the calculated elastic buckling critical pressure of cylin-
ders from 18,000 to 13,500 psi, thus decreasing the design safety factor for buckling from 2 to 1.5.
The reduced value of the safety factor for buckling of the cylinder is acceptable, however. The
monocoque configuration of the cylinder with less than 0.1 percent deviation from ideal curvature and
perfectly elastic nature of the ceramic make the calculated and experimental values of critical pressure
at which buckling occurs differ by less than S percent.
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CYCLIC FATIGUE LIFE

The appearance of spalling at the ends of 20-inch cylinders after only 50 pressure cycles to 9,000
psi and the occurrence of catastrophic failure after only 110 cycles is acceptable only if the housings
are incorporated into diving systems with a projected operational life of <50 dives to 9,000 psi, or <10
dives to 10,000 psi interspersed with <100 dives to lesser depths. Since the operational life of many
diving systems calls for up to 100 dives to 9,000 psi interspersed with at least 1000 dives to lesser
depth, the cyclic fatigue life of the bearing surfaces on cylinders and hemispheres evaluated in this
series of tests must be increased to meet this operational requirement.

The extended operational requirement can be met by a bearing surface encapsulation that pro-
vides the ceramic components of the housing with a minimum fatigue life of 250 cycles to 9,000 psi
without spalling of ceramic surfaces on the ends of ceramic housing components. A short-term solu-
tion to this problem has been already developed (figure 96) and experimentally evaluated on 12-inch-
diameter ceramic cylinders (figure 97).

The redesigned end caps Mod 1 for encapsulation of bearing surfaces incorporate two significant
changes to Mod 0 end cap configuration; the depth of the seat is increased by 300 percent, and an
elastomeric seal is placed between the epoxy adhesive and the pressurizing medium (figure 99). Both
changes aim at (1) providing radial restraint to the edge of ceramic component, (2) protecting epoxy
from the marine environment, and (3) restraining epoxy from extruding between the metallic end cap
and the curved ceramic surfaces during hydrostatic loading to the housing. If so desired, the elas-
tomeric seal could be replaced by an O-ring held in place by a retaining ring.

The experimental results obtained to date during pressure cycling of the 12-inch-diameter housings
with Mod 1 end caps were impressive and appear to confirm the reasoning underlying the modifica-
tions to Mod 0 end cap for the 20-inch-diameter cylinder. With Mod 1 end caps, spalling did not
occur on the 12-inch cylinder even after 500 pressure cycles to 9,000 psi. With Mod 0 end caps,
spalling always appeared after only 30 to 50 cycles, regardless of whether the end caps were machined
from 7075-T6 aluminum or 6 A¢-4 V titanium alloys (Stachiw, 1990). Based on these encouraging
results, a Mod 1 end cap design was generated for 20-inch cylinders that will be experimentally
evaluated in the near future and a 20-inch ceramic housing (figures 99 to 101).

STIFFENER PERFORMANCE

The low stresses measured in the titanium stiffener (figures 27 and 28) during proof testing to
10,000 psi indicate that the configuration of the stiffener is not optimized for minimum weight. Minor
weight reduction can be achieved by incorporating holes into the web of the stiffener (figure 29).
Large weight reductions can be achieved only by a very detailed finite element stress and elastic
stability analysis that pinpoints where some material can be removed from the stiffener.

Additional weight and cost savings can be achieved by removing the lip from the exterior of the
stiffener, so the end caps on the ends of cylinders butt directly against each other. In this arrange-~
ment, the stiffener is neither subjected to axial bearing stresses nor exposed to seawater and for this
reason does not have to be fabricated from expensive titanium (figure 102).
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10.

FINDINGS

Distribution and magnitude of stresses in 20-inch-diameter alumina ceramic cylinders and
hemispheres are the same as in previously tested 12- and 6-inch-diameter cylinders and hemi-
spheres. Since all dimensions on 20-inch housings were scaled linearly form 12- and 6-inch-
diameter housings, it indicates that the modulus of elasticity remains constant in spite of a
large variation in ceramic mass of structural components.

Inclusions of various sizes have been found in the ceramic components. Their origin is not
known at the present time, although it is hypothesized that they are due to the presence of
combustible impurities in the green castings, or insufficient compaction during isostatic pressing
of the green castings.

Inclusions in the wall of ceramic components with dimensions less than 0.050 inches in diame-
ter and that represent less than 10 percent of wall thickness do not serve as crack originators
when the nominal compressive stresses in 94-percent alumina ceramic do not exceed 150,000
psi.

The locations of inclusions, their shape, and size can be determined by acoustical C-scans and
scanning acoustic microscopy with equipment of appropriate sensitivity.

The calculated and experimentally obtained critical pressure at which buckling occurs agree
rather well; the calculated values being approximately S percent higher. For this reason, the
design safety factor of 2, based on calculated critical pressure for buckling, may be reduced to
1.5 in future designs without compromising the structural performance of ceramic cylindrical
housings.

The 0.375-inch-thick polyurethane jackets of 65A Rockwell hardness provide adequate protec-
tion against point impacts with 100 foot-pounds of energy to which ceramic housings may be
accidentally subjected during handling.

The Mod 0 end caps provide the 20-inch-diameter ceramic housing components with a cyclic
fatigue life of 100 pressurizations to design pressure of 9,000 psi. The Mod 1 end caps design,
based on performance of 12-inch-diameter ceramic housings, is expected to extend the cyclic
fatigue life of 20-inch housings beyond 500 pressure cycles.

Rails fastened to end caps on both ends of the cylinder provide adequate support to a cage on
which payload components are mounted. The insertion and removal of the payload compo-
nents from the interior of the cylinder is accomplished by sliding out the cage from inside the
cylinder.

The external wedge bands provide adequate clamping force to hold the sections of the housing
together during handling and lifting of the whole housing.

The metallic penetration inserts with plastic bearing pads provide adequate protection to the
ceramic bearing surfaces at the edges of penetrations through the ceramic hemispherical end
closures. Neither cracks nor spalling were observed on these surface after 200 pressure cycles.
The metallic penetration inserts can be eliminated if bulkhead penetrators with plastic instead
of metallic bodies are used for penetrations through ceramic hemispheres.

16



11. The metallic joint ring stiffeners perform satisfactorily by providing the ceramic monocoque
cylinders with sufficient radial support to raise their critical pressure to 17,000 psi. Lightening
holes may be machined in the web of the stiffeners to reduce their weight and to act as race-
ways for electric cables and hydraulic lines connecting payload components in adjoining
cylinders.
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Figure 4. The 20-inch-diameter alumina cylinder and the fixture for handling it during installation of
metallic end caps.
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Figure 11. Exterior view of the Mod Il alumina hemisphere.
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Figure 22. Dummy plug.
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Figure 28. Titanium joint stiffener for 20-inch-diameter ceramic housing.
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Figure 31. Proposed dry joint stiffener for ceramic housings. This design eliminates any
contact between seawater and the stiffener, making it feasible to use for construction of joint

stiffeners of inexpensive lightweight materials that otherwise would corrode if contacted by
seawater.
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Figure 38. Shelf assembly partially inserted into the 20-inch-diameter
ceramic cylinder.
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Figure 47. Attachment of instrumentation cable to the assembled housing.
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Figure 52. Lifting the short housing assembly from the cradle
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Figure 58. Placing the cage with the short housing assembly into the 30-inch-
diameter pressure vessel at Southwest Research Institute.
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Figure 62. Completed long housing test assembly.
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Figure 66. Lowering of the test fixture with long test housing into the 30-inch-diameter
pressure vessel at Southwest Research Institute.
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Figure 67. Imploded long housing assembly.
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STRAINGAGE LOCATIONS ON HEMISPHERES

@ SEE DWG 0121705

CERAMIC HEMISPHERE MOD 1li
INTERIOR SURFACE

SEE DWG 0121954

CERAMIC HEMISPHERE MOD Il
INTERIOR SURFACE

Figure 74. Location of strain gages on the interior surfaces of hemispheres.
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ELASTOMERIC JACKET
CLAMP BAND
O-RING SEALS

TITANIUM
END CAP \
EPOXY BOND N CERAMIC
CYLINDER
S

TITANIUM /

COUPLING

RING

JL Mod O

ELASTOMER JACKET

ELASTOMER / EPOXY BOND

SEAL
_

|

Figure 100. Comparison of Mod 0 and Mod I joint designs for ceramic cylinders.
Note the deeper seat cavity and presence of elastomeric seal on Mod I end caps.

Mod |

119



‘ded pus () POJN JO uey) 1931e[ YOUI §'() SI JOJOWIRIP SPISINO SI 3snedsq pueq durepd> adpam paudisapal e Jo asn ay) sexmnbay

deo pua | POJA JO 9Sn 9], ‘ISPUIAD JTWEISD IIOWERIP-Youl-(g J0J udisop ded pus ] poy JO Jummelp uoneouqed

*107 231y

FYETE e Z [ 3 | v ¢ I 9 I ¢ _ i
) Vi INS RALYH W
lioﬁ_o oteag[J | i [ o 1 2 3was
T 10 ST
2w Rt | 3219 .iﬂ.oﬂ_n%hw-.lis " o uq-n-dﬂ HaD [ m ;m _>
-nead— Wl AV EDIVETIOL
TINH - JiWVH3)
v | 1 aow "aaNAD ov ov [ WW\\_Q.\H/\/\/\
Q00535126 ¥ '09310 WS
HIINID GHALEAS KYII0 TWAVR
1817 5Lve
H.L\ W I _ ROUVTHRH X0 OIS _ Voww st | o SR
[ AV EE [
-
-~ \VAVARR I i / a0 A /\ ~—oz0u xz
] T
£0°d
. .5t
M S —
o
& 008
5
I
L (s a0 2)
|
V-v¥ NOILJ3S
° (3 aval
462 x SIv -30F mM
NEHL §L2-592 @ X8 \)\Nm
I/ \l.m T4 2 =
Ao A
T9
> s4 T "N = -
i J
@ﬂxmb} Tloa_
By e —ii ; og'l
@
s2u xe (BP0 8191
00 -
arl Xb 10 + €0 038
1 ol
1 ¥
I_h i EVEEE oIS
082 xb ose X8 4l 209 soss o
g~
le————o050'8 xa 09 + 5L 028
\
3
— X %fm -
/l Q
e OEI-QLS- TN MV ESSEL-1- AN
ANT ONE AXOd3 JLIHM ONISN SHILIVUVHI
oy VEGSEIG OlGSa UaaNN 194 HLTR N E7]
8 MIIA 338
%3976) 2 SS¥ 19
v UL TdAL '6298-V-TIN 434 1vD3 SHHORYC eI @
*21/092-¥-00 MYl ILY1d
HONL 2 '1SSL-5L0L 3dAL AV IV S VIGTLVA
*S3LOM
[ 9 | z ] 9

120



‘ospe pueq dwepd a3pam pauSisapai v Jo asn oY) sasnbai ded pus [ poy JO asn 3y L
*a1aydsIuray ouressd IajeweIp-youl-gz JoJ usisop deo pus | pojy jo Sumerp uonedtqe]

'701 a3y

LRI ::umr-x.ﬁl.ﬂ.ﬂ— 2 _ 3 [3 [} _ [} _ L ~ 9 .
WA 1 ¥ 3
<S¢ 09210 e P g M3
TIH WY - a ST
V| | QOW "FUIHASIWIH “dv) QN3 [T e ma] ‘ v
203-3516 ¥2 ‘0930 VR ‘sagume — 08 v xz
so—xuu Bu.n>‘§aﬂ WA ~ AR ST | LN \\
) (oo 0z@) , "
o
- e * e —— _ Rl R 20 |Ww" 520 H X2
mTFP VAVAR G ]
M
o
2 xz
m Oy
s 5
L]
" 100 E2 —| a
_-| .
- V-V NOLLJ3S —
5]
o0 I5]
0 ]
OF" —ef
-
oS seozp 1NV1SNDD oom.q M«o L]
¥ A &
o) -
G T
.02 ﬂ.
A €8 .8
Q 1 a
4
f 000 -
) $99 s sreaip 00 + 989 €19
{ 4 -
- _ 1t N
1 T 00°02¢
\} 1)
h 1
\) 7
3 \ 14 3
W 74 ST
N N .
v, 90 d
X N Z 2 o b—21r u
xS =X
..|A L~ —— -~ = = P
TERCIEERE WIS (NS 3 S =
C21IH18 O {WNENT 38 L9 Th] 4 \
1Y 9 19 OWIYLEI
51 &0 CLOo 1% ol ST E18 " -QiS- -
8 M3 335 Vd INE QNDIIYI AX033 STk SHISh Shae Vi
QHHL 08 L9 05° o] JIHLG8 HOIH 21 NI ON HSYD 318YDIddV
oz GNV SEDS2I0-DIESS YIANAN 18V HLIM AEVR @
v ¥ “ROYIE 2 S8V
le—U'E -} "Il 3dAL 'S298-Y- LN ¥3d 1¥0D JIQONV ZHSINII @ 4
*21/052-¥-0)
HINI € '1991-5204 um\%mm._« W .ﬁ_mwmﬁué
153100
_ [ _ [Z

121



‘sdea pud [ POJA JO SaInjesy 15aq
a1 Sunerodrosur rousjyns Sulr (A1p) [euraur yum qurof yo uSisap renydeouo) “gQ1 2n31g

VP6'SHS \\ﬁ?
H3IAN34JILS

ONIH LNIOI
N

N ER)

dvo N3 H3IWOLSV13

.

\\—\\\\7\/\\\\\\\\\\ \\\\\\\\\\,_ 777
LLLLLLLL IS LSS, VPSR (AT
Wﬂ\\\\\\\\\\\\\ \\\\\\\\\\\\\%
SIS LSl SIS M .
ONISNOH .~ RN\ , N
OINYH3D RN @
aNve dinv1o v3S ONIH-0

13XOVr H3WO1SV1d

122



00'C GGSS 00S 060°0 dlwela) apiqle) uolog
00'¢ 09.€ 0S€ €600 (9096 Wetad01Ad) olwelsa) sse|n
00'¢ 0LET 00€ 0€L'0 %6 dlwesa) euiwnyy
00'C 09L¢ Gze ¥0L°0 %96 dlwetd) eljjAiag
00°¢C 0GLL 00l LS00 elsodwo) auydesn
00'C 0eel 001 GL0°0 9lisodwo) sse|n
00¢ 0S¢l 00l 080°0 (xa1Ad) sse|H
GZ'L 08L Gzl 09L°0 (AV-TV9) wnjueyn|
GZ'L 0EL €L 00L"0 (91-GL0L) wnuiwn|y
GZ'L 09t o€l €82°0 (OELAH) 19918
GZ'L 08¢ 08 €82°0 (08AH) 19918

103084 | IYBIBAA | (IsdY) yibueng | (gui/sql)

Aajeg | yibuang| aaissaidwion | wbBiapn |eale|n

‘aouagrowqns daop 10§ S[BLISNEW [RINIONIIS WnTWaI] ‘[ 9[qeL

123



Table 2. Properties of alumina ceramics.

ALUMINA
PROPERTIES” UNITS TEST AD-85 AD-90 AD-94 AD-96 AD-99.5 AD-99.9%
Nom 85% Al,0;  Nom 90% ALO;  Nom 94% AlLO,  Nom 96% AlL,O; Nom 995% ALO; Nom 99 8% Al,O;
DENSITY glcc (#lu ) | ASTM C2083 | 341(012) 360 (0 13) 370(013) 372 (013) 389 (0 14) 396 (0.14)
AS-FIRED MICROMETRES 16(63) 16(63) 16(63) 16(63) 09(35) 050
SURFACE  GrounD (MICROINCHES) | FROPLOMETER | 10039) 05(20) 13(5%) 13(51) 05 (20) 0.9 (35)
POLISHED CLA 02(80) 01(3.9) 03(12) 03(12) 01339 <Q03(<1)
CRYSTAL RANGE MICROMETRES THIN 712(79-473) | 240 (79-394) | 2.25(79.985) | 220 (79.788) | 550(1971970) | 1-6 (30-236)
SIZE AVRAGE | (MICROINCHES} |  SECTION 6(236) 4(158) 12(473) 11433) 17 (670) 3(118)
WATER -
ABSONATER % ASTM 37372 0 0 0 0 0 0
GAS PERM. — w 0 0 0 0 0 0
COLOR _ — WHITE WHITE WHITE WHITE IVORY IVORY
FLEXURAL . 2 :
STRENGTH (HoR) 20 MPa (psix 103) | ASTM F417:78 317 (46) 338 (49) 352(51) 358 (52) 379 (55) 552 (80)
ELASTIC MODULUS 20C GPa (ps1 X 105) 22132) 276 (40) 296 (43) 303 (44) 372 (54) 386 (36)
SHEAR MODULUS GPa (osi x 108) 96 (14) 17(17) 117{17) 124(18) 152(22) 158 (23)
BULK MODULUS GPa (psi X 109) | ASTM 84878 138 (20) 158 {23) 165 (24) 172 (25) 228 (33) 28(33)
TRANS. SONIC VEL. misec (ftised) 822Nx100 | 88(29)x10: | 89(29)x103 | 9130)x10: | 98(3)x102 | 993210
POISSON'S RATIO _ 022 022 021 921 022 i)
STIFFNESSIWEIGHT 20 GPalglec _ % 77 80 81 % 97
C°“§'1'3,'§E§SG‘¥'5 20°¢ MPa (kps) | ASTM C773-82 | 1930 (280) 2482 (360) 2103 (305) 2068 (300) 2620 (380) 3792 (550)
HARDNESS GPa (kg/mm?) - 9(960) 10 (1058) 12(1175) 11(1088) 14 (1440) 15 (1551)
TENSILE 25° 155 (22) 21(32) 193 (28) 193 (28) 262 (38) 310 (45)
STRENGTH 1000°C MPa(kps) | AMATEST#4 | 7Y 103(15) 103 (15) 96 (14) ) 22132
ToUGHNESS X mpam¥ | gy 34 34 34 34 4 24
CONDLIERMAL 207 Bt o) | ASTM C408-82 | 160(111) 167 (116) 224(155) 247(172) 356 (247) 38,9 (270)
COEFFICIENT
OF THERMAL 251000°C | 10-6°C {10 6°F) | ASTM €372:81 72(40) 81(45) 82(46) 82(46) 80{46) 80(4.5)
EXPANSION
SPECIFICHEAT 100°C TkgK (callg=C) | ASTMC351.82 | 920(022) 920(022) 880 (021) 880 (0 21) 880 (0 21) 880 (0.21)
THER%&%SSTT\?‘JCCE ATc °C {°F) — 300 (570) 300 (570} 300 (570) 250 (480) 200 (392) 200 (392)
“’T"E‘h’ﬁ'},"ég"‘\'}b’gg C(¢F) No-load conds | 1400 (2552) 1500 (2732) 1700 (3092) 1700 (3092) 1750 (3182) 1900 (3452)
6 35mm 94 (240) 92 (235) 87 (220) 83 210) 87 (220) 9.4.(240)
DIELECTRIC 3 18mm ac-kylmm 134 (340) 126(320) 11'8(300) 108 (275) 11.4(290) 128(325)
ey, 12mmspec | ECKATI | ASTMO11676 | 173 (a40) 177 (450) 167 (425) 146 (370) 169 (430) 18 1 (460)
0 64mm THICK 216 (550) 228 (580) 216(550) 17 7 (450) 228(580) 232(590)
025mm 283 (720) 299 (760) 283 (720) 228 (580) 331(840) 31.5 (300)
DIELECTRIC 1KHZ ASTM D150-81 82 88 9t 20 98 99
1 Mhz 25°C ; 82 88 91 90 97 98
CONSTANT ] M ASTM D2520-81 82 44 3 30 37 98
1z ASTM D150-81 00014 00006 00007 00011 00002, 00020
DISSIPATION FACTOR 1 MHz 25°C ASTM Doa0 k1 | 00009 00004 00004 00001 00003 0.0002
1 GHz 00014 00007 00010 00002 0.0002 —
Tz ] 0011 9005 0007 0010 0002 0,020
LOSS INDEX 1 MHz e | ASTMDISCSL]  ooo7 0004 0004 0001 0003 0002
1GHz 0010 0005 0.009 0.002 0002 _
5% >10 >101a S1018 >1014 >1014 >101
300°C 46x1010 14x 101 12x 1011 31x101 = S1014
VOLUME RESISTIVITY 500°C ohm-cm¥cm | ASTM D1829-66 | 40 x 108 28108 48x108 40%109 - 33x 1012
700°C 70106 70106 2.1x107 10108 Z 90%108
1000°C — 86%105 50x105 1.0 % 108 —Z 11 %107
TEMP AT WHICH
Te VALUE (R RESSTIVITYS |  850(1562) 960 (1760) 950 (1742) 1000 (1832) - 1170 (2138)
1 MEGOHM-CM
95% Ha304 004 003 00
% | ) - - 1 001
oAty weeHTLoss | mgiemaiday | @3YCSIOTE 1o
@100°C-NOTE 3 05 - — 01 0.1
IMPINGEMENT _ NOTE 4 700 045 052 063 047 014
RUBBING — NOTE4 100 036 Z 0.75 Z 055
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Table 3. Weights of components for 20-inch-diameter housing.

NAME MATERTAL DWG NO. WT.
Cylinder Alumina 0121758 160 1bs,
Hemisphere Mod III Alumina 0121705 26 1bs.
Hemisphere Mod II Alumina 0121954 29 1bs.
End Cap, Cylinder (Set of 2) Titanium 0121967 9.0 1bs.
End Cap, Hemisphere Titanium 0121968 9.0 1bs.
Penetrator Titanium 0121963 1.9 1lbs.
Ring Stiffener Titanium 0124009 29 1bs.
Rail (Set of 8) Aluminum 0121961 4.5 1bs.
Mounting Plates Aluminum 0121974 7.5 lbs.
Wedge Clamp Titanium 0121966 4.5 1lbs.
Jacket, Cylinder Polyrethane 0121965 25 lbs.
Jacket, Hemisphere Neoprene _— 9 1bs.
NOTES: 1. Weight/Displacement of the components.

a. Bare Cylinder 0.46

b. Bare Cylinder with end caps 0.48

¢c. Bare Cylinder with end caps and internal rails 0.50

d. Jacketed Cylinder with end caps & rails 0.52
e. Bare Hemisphere Mod III 0.35
f. Bare Hemisphere Mod III with end cap 0.48

g. Bare Hemisphere Mod III with end cap and penetrator 0.50
h. Jacketed Hemisphere with end cap and penetrator 0.56

i. Test Assembly (two hemispheres, cylinder, 0.57
jackets, penetrators, clamps, rails and plates)
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STRAINS ON CERAMIC HEMISPHERE MOD J

PR

(

RES
PSIG

SURE
)

0
1005
2000
2995
3995
3000
9995
6995
7995
8995
9995
9995
0

1

Table 5. Strains on ceramic hemisphere Mod 3.

2

HOOP  AXIAL  HOOP  AXIAL

-1
-125
-439
-675
-900

~-1136
~1393
-1639
~1875
~2111
~2336
-2336

1

0
=312
-463
-186

-1077
-1379
-1573
- 1864
-2165
-2478
-2790
-2790

0

0
-269
=517
~186

-1045
-1304
-1573
-1832
-2079
-2338
-2596
~2596
0

1
-246
=514
-130
~996

-1243
-1300
-1736
-1982
-2218
-2464
-2475

11

3

GAGE LOCATIONS

4

HOOP  AXIAL  HOOP

-1
-759
-539
=797

~1045
-1314
~1362
~-1832
~2090
-2349
-2586
-2596

0

127

-1
-291
-560
-830

-1099
-1357
-1621
-1907
-2163
-244%
-7N15
-2176

-1

1
-291
-593
-883

-1164
- 1454
-1745
-2036
-2377
-7618
-2920
-2920

0

g

AXIAL  HOOP

11 0
-172 =219
-345  -458
=306 -675
-679  -893
-830 -1100
-991  -1285

-1142  ~1481
-1304 -1688
-1444  -1885
-1594  -2070
-1594  -2070

1 [

AXIAL
0
-196
-403
-610
-817
-1046
-1275
-1525
-1754
-1993
-7233
-2733
0



STRAINS ON CERAMIC HEMISPHERE MOD 2

PRESSURE.

{PSIG.)
0
1005
2000
2995
3995
5000
3995
6995
7995
8995
9995
5995
0

1

22
-260
-509
~180
~1040
~1289
-1338
-1842
-2091
~2351
-23589
-2611
0

Table 6. Strains on ceramic hemisphere Mod 2.

0
-416
=12
-833

-1074
~1358
-16435
-1786
~2070
~2366
~2810
~2837

1

2

1
-197
-361
-548
-0
~876
-1041
-1205
-1369
-1545
-1709
-1709
-1

-1
-220
-474
-8
-947

-1179
=142
~1663
-1906
-2159
~2319
-2319

1

GAGE LOCATIONS
3

00
175 198
351 397
515 -584
668 -771
827 -969
964 1157

ST -13%

1260 -1542

S3 1740

~1555  -1950

~1566  -1939
00

128

4
-1
~178
- 368
-53
-3
~869

-1036
-192
-1359
-1515
~1660
- 1660

-1

9

0 0
-266  -317
-332  ~613
-187 975
-1052 1225
~1296 -1526
-1515 -1877
-1817 -178
-2083 -7440
-2349 =714
-2625 -3053
-2603 -3041
-1 -1

11
~299
-587
~886

-119%
-1496
-11%
-209%4
~2404
-4
-3013
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PRESSURE

(PSIG)

0
1005
2000
2995
3995
5000
9995
6995
7995
8995

9995
0

1

HOOP
-477
-12461
-23000
- 36031
~48303
-61146
-73916
-87089

Table 9. Principal stresses on ceramic hemisphere Mod 3.

AXIAL
-99
-15409
~23813
-39793
~54301
~69380
-80015
~94713

2
HOOF  AXIAL
99 477

-13754 12974
-26805 -26703
-40468 -39248
-55193 -52132
-67127 65060
-80979 -78506
-94214  -90961

~99922 -109749 -107024 -103737
-112864 -125299 -120258 -116192
9995 -123325 -140708 -133540 -129067
-125325 -140708 -133639 -129539

472

99

99 477

GAGE LOCATIONS

3

HOOP
-5
-13730
-28163
-41661
-5411
~68582
-81631
~05754
-109144
-1272784
-135372
-135900
-99

131

4
AXIAL  HOOF
-5N 51

-14814  -14001

-28874 -178547

-47779  -42431

-36550 -56047

-70039 -69840

-83854 -83772

-98295 -97613

-111685 -111354
-126071 -125296
-139743 -139601
-140305 -139601
-472 99

AXIAL

571
-9998
-20139
-29656
- 39608
-486%
-58223
-67321
-76890
-83516
~94670
-94670

472

3

HOOP

g
-11588
-23114
- 34446
-45661
-56602
-66600
-71258
-88200
-98807
-108899
- 108899
472

AXIAL

0
-10469
-21411
-31744
-43086
~-54777
-66261
- 18749
-90436
-102461
-114422
~114477
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PRESSURE

(PSIG)
0
1005
2000
2995
3995
5000
5995
6995
7995

1

HOOP
944
-14899
-78245
~40938
-54781
-67519
-80766
-95093
~108331

Table 10.

AXIAL

198
-20185
~35125
-42754
-55433
-69857
-84324
-93196
-107620

8995 ~122149 122657

9995
9995
0

~136897
~137943
99

-146418
-145201
472

Principal stresses on ceramic hemisphere Mod 2.

2
HOOP
373
-10431
~19733
-29954
-38597
-48192
-57449
-66663
~75886
-85714
-94730
~94730
-313

AXIAL

=373
-11721
~23582
- 33646
-46937
~58459
~70525
~§2182
~94082
-106519
-117432
-117432
313

3

HOOP
0
-9289
~18631
~77349
~30596
~43985
-51769
~60115
-67932
-16278
-84260
~84633
0

132

GAGE LOCATIONS

4
AXIAL  HOOP  AXIAL
0 -472 -99

-10069 -10031 13012
-2018% -20576 -76133
-29687 -30036 -38574
-39086 -40057 -51544
-48966 -48%46 -63415
-58308 -58604 -76800
-68179 -67493 -88670
~77488 -77057 -101584
-B7358 -86139 -114393
-97640 94844 127542
-97777 -94646 -126599

o -5 -9n

5
HOOP
99

AXIAL
412

-16075 -15633
-31580 -30699
-47635 -46354
~63315 -62332
-78927 -7191
-94531 03446
~-110134 -108982
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APPENDIX A

HANDLING FIXTURES FOR CERAMIC HOUSING COMPONENTS

INTRODUCTION

Because of the brittle nature of alumina ceramic and the weight of ceramic components that ex-
ceed the ability of technicians to manhandle them during assembly and shop operations, a set of fix-
tures had to be developed that would facilitate handling the ceramic housing components by overhead
hoists. Two fixtures were developed for this purpose: one for handling individual ceramic cylinders
during bonding of the end caps, and another for handling during pressure testing of complete housings
assembled from one or more cylinders and hemispherical end closures.

TEST FIXTURE DESIGN

Lifting Tongs

The function of the lifting tongs (figures A-1 and A-2) was to (1) grasp securely the ceramic
cylinder reclining inside a shipping box in a horizontal position, (2) raise it aboveground with an over-
head hoist, (3) rotate the cylinder into a vertical position, and (4) lower it vertically into a metallic
end cap filled beforehand with epoxy resin. After curing of the epoxy adhesive, the elastomeric jacket
would be slipped over the cylinder and the jacketed cylinder would be grasped again with the tongs,
hoisted from the ground, rotated end for end, and lowered again into an end cap filled with epoxy
resin. After curing of the resin in the second end cap, the cylinder assembly would be grasped again
by the tongs, hoisted above ground, rotated into horizontal position, and deposited into a wooden
cradle prepared for this purpose.

Lifting Cage

The function of the lifting cage (figures A-3 through A-7) was to (1) grasp securely a housing as-
sembly lying in a horizontal position on a cradle or a pad on the floor, (2) lift it with an overhead
crane to the pressure vessel site, and (3) lower it into the pressure vessel after changing the cage’s
orientation from horizontal to vertical. After pressure testing, the procedure was reversed to raise the
housing assembly from the pressure vessel and to transport it with the overhead crane to the shop
area where the housing was disassembiled.

The grasping of the ceramic cylinder was accomplished with two pneumatic actuators shaped like
hoses woven from neoprene impregnated fabric. These hose-like actuators were placed inside the
channels on both sides of the upper cage half along its full length. These hoses expanded upon appli-
cation of internal pressure, causing them to exert uniform pressure against the cylindrical sections of
the housing just below their central axis. This later pressure against the lower half of the cylindrical
housing generated an upward force, which pushed the housing upward until it securely rested against
the roof of the cage.



The pneumatic actuators (Merriman Windjammer Part No. 424-280) are rated for 100-psi internal
pressure, but in the lifting cage application the maximum operational pressure was kept below 20 psi
to prevent permanent deformation of the cage. To prevent accidental release of the housing assembly
due to loss of air pressure during lifting of the upper cradle half, a manual shutoff valve was incorpo-
rated into the air supply line. By closing off the air supply line after the actuators have been pressur-

ized, the pressure inside the actuators could be retained, even in case of accidental rupture of
pressurized air supply hose.

As an additional safety measure, the ceramic housing test assembly was prevented from accidental
release by mechanically fastening the lower cage half to the upper half; now the housing assembly was
enclosed on all side by the cage framework that kept it from being released inside the pressure vessel

after the hydrostatic pressure inside the vessel collapsed the pneumatic actuators during pressure test-
ing.
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APPENDIX B

IMPACT TESTING OF CERAMIC HOUSING

INTRODUCTION

Because of its perfectly elastic behavior and low tensile strength, alumina ceramic is very sensitive
to point impacts. Point impacts that would generate local yielding in aluminum or titanium housings
induce in alumina ceramic a family of cracks radiating from the point of impact. With increase in the
thickness of ceramic shells comes increased resistance to fracture initiations by point impacts. Since
the ceramic cylinders are twice as thick as ceramic hemispheres, their impact resistance is significantly
higher, but still not high enough to withstand all the point impacts to which the housing may be sub-
jected during assembly and subsequent handling during sea operations. For this reason, it is necessary
to enclose the ceramic components of the housing with some protective cover that will decrease the
effect of point impact.

There are basically two approaches to protect the ceramic shells from fractures initiated by point
impacts. One approach relies on an elastomeric coating that not only absorbs some of the kinetic
energy of the impacting body, but also distributes the pressure under the pointed object over a larger
area. In this approach, the magnitude of tensile stresses in ceramic under the point of contact with an
impacting object appears to vary inversely with the thickness of the elastomeric coating.

The other approach to reducing the effect of point impact on ceramic shells relies on a stiff, over-
sized enclosure separated from the ceramic shell by air space and supported only by metallic compo-
nents of the housing. Thus, for example, in the case of cylindrical shells the cylindrical enclosure
would be supported readily by metallic end caps providing it with a 0.375-inch standoff from the
ceramic surface. In the case of a hemisphere, the enclosure would be supported by the equatorial end
cap and penetration inserts at the penetrations. The preferable materials for such enclosures are plas-
tic composites because of their low weight, elastic behavior, resistance to seawater, and low hardness.
An outstanding choice for this application is plastic composite reinforced with SPECTRA 2000 poly-
ethylene fibers or cloth, whose density approaches seawater (i.e., it does not contribute any weight to
the housing when it is submerged in seawater).

The approach using rigid enclosures for protecting ceramic shells against point impacts was not
applied to NOSC housings because of the high cost of such enclosures and the lack of operational
requirement for such enclosures on housing serving only as laboratory test specimens. If the NOSC
20-inch-diameter ceramic housings are applied in the future to an operational deep submergence
system, the elastomeric jackets should be replaced with the lighter, more impact-resistant plastic
composite enclosures laminated from resin impregnated SPECTRA 2000 cloth.

B-1



SCOPE OF TEST PROGRAM

The testing program consisted of impact testing of an alumina ceramic cylinder with an 0.680-inch
wall thickness covered with a protective elastomeric jacket of 0.375-inch thickness. The jacket was a
seamless, snug fitting, cylindrical shell molded by Gallagher Corporation of Gurnee, Illinois, from a
polyether urethane compound. The physical properties of the jacket material are shown below:

Harness 65A

100% Modulus, 415 psi
300% Modulus, 795 psi
Tensile Strength, 4200 psi
Elongation at Break, 670%
Tear Strength, Die C. 250 pli
Tear Strength, D470, 55 pli
Bashore Resilience, 55%
Compression Set, 5%
(Method B, 22 hrs. @ 158°

No testing was performed on 0.375-inch-thick segmented construction, neoprene jackets bonded
to ceramic hemisphere, since there were no spare hemispheres that could be tested to destruction.

TEST ARRANGEMENT

The test arrangement consisted of a weight at the end of pendulum striking a cylinder held in
place by a wooden cradle fastened to the base of the pendulum impactor. The kinetic energy of the
impactor was varied by (1) raising the pendulum from 0 to 90 degrees elevation in 5-degree incre-
ments, and (2) increasing the weight of the striker from 2 to 24 pounds in three steps. The nose of
the strikers was configured to a 1.0-inch spherical radius, so that regardless of the striker size the
footprint of the hose upon the elastomeric jacket was always the same.

The cylinder was rotated 10 degrees after every impact to insure that any local tearing of the elas-
tomeric jacket produced by prior impact would not decrease the impact protection afforded by the
jacket for the next impact test.

TEST PROCEDURE

Phase 1—Cylinder with 1/4-inch-thick jacket.
a. Impact with 2-pound striker from 5-, 10-, 15-, 20-, and 25-degree elevations.
b. Impact with 12-pound striker from 5-, 10-, 15-, 20-, and 25-degree elevations.
Phase 2—Cylinder with 1/8-inch-thick elastomeric jacket.
a. Impact with 2-pound striker from 5-, 10-, 15-, 20-, and 25-degree elevations.
b. Impact with 12-pound striker from 5-, 10-, 15-, 20-, and 25-degree elevations.
Phase 3—Cylinder without jacket.
a. Impact with 2-pound striker from 5-, 10-, 15-, 20-, and 25-degree elevations.

b. Impact with 12-pound striker from 5-, 10-, 15-, 20-, and 25-degree elevations.
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Phase 4—Cylinder with 3/8-inch thick jacket.
a. Impact with 12-pound striker at 5-degree intervals from 0 to 90-degree elevations.

b. Impact with 24-pound striker at 5-degree intervals from 0 to 90-degree elevations.

TEST OBSERVATION

1. The bare ceramic cylinder with 0.68-inch thickness withstands repeatedly point impacts with
kinetic energies less than 67-pound inches.

2. The ceramic cylinder jacketed with 0.375-inch-thick polyurethane cover withstands repeatedly
point impacts with kinetic energies less than 1000-pound-inches.

3., It requires a point impact with over 1180-pound-inch kinetic energy to fracture a 94-percent
alumina ceramic cylinder with 0.68-inch wall thickness protected by 0.375-inch-thick polyure-
thane jacket.

4. The fracture of the jacketed cylinder appeared to have been originated by the tearing of the
elastomeric jacket directly under the point of the 1310-pound-inch impact, which allowed the
striker to contact the bare ceramic directly. The tearing apart of the elastomeric jacket was
due to high tensile strains extending laterally from under the point of contact with the striker
where very high compressive strains are generated during impact. It can be postulated that the
tearing apart of the jacket was facilitated by the loose fit between the jacket and the ceramic
cylinder, which permitted the elastomeric jacket to displace laterally, freely. Bonding of the
elastomeric jacket to the ceramic surface would mechanically restrain the lateral displacement
of the elastomer, thus increasing its resistance to tearing and the impact protection that it
provides to the ceramic housing.

DISCUSSION

It appears that the 0.375-inch-thick polyurethane jacket is more than adequate to protect the
ceramic housings from casual point impacts encountered during shop assembly and handling in a test
facility environment. It is hard to imagine that during assembly and pressure testing the ceramic hous-
ing would encounter a point impact of over 100-pound-foot energy, equivalent to the kinetic energy of
an 18-inch pipe wrench accidentally dropped from an overhead walkway upon the housing resting on
the floor below.

CONCLUSION

Elastomeric coatings/jackets provide economically acceptable protection against point impacts that
a ceramic housing may encounter during its assembly and handling in a machine shop environment.



Figure B-1 Impact tester wiit . terchangeadb! strikers of different weights
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